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Changes in the microwave brightness temperature measured by the Electrically Scanning Microwave
Radiometer (ESMR) flown on board the Nimbus V satellite reveal large-scale sea ice fluctuations in the
Antarctic marginal ice zone. These ice margin fluctuations are predominantly wave numbers 1-4, with
phase speeds of about 3 m/s independent of wave number. The spatial pattern and eastward advection of
the sea ice anomalies match those of the atmospheric sea level pressure, and are consistent with sea ice
displacement due to surface wind stress. Examination of the outgoing longwave radiation indicates that
suppression of high clouds in regions of increased sea ice increases the radiative cooling which contrib-
utes to maintaining the ice. Data from three winter seasons indicate about a one-third probability of
occurence of this large scale high frequency sea ice atmosphere interaction during any given 2-week

period in winter.

1. INTRODUCTION

Sea ice is an important climatic variable. Interacting with
both atmosphere and ocean, it displays both the long time
scales of adjustment associated with the ocean as well as the
more rapid changes characteristic of the atmosphere. (For a
thorough review, see Polar Group [1980]). While much atten-
tion has been devoted to monthly and longer time scales,
relatively few studies have focused on sea ice variability on the
daily time scale. (Exceptions are Raynor and Howarth [1979]
and Cavalieri and Parkinson [1981]). The purpose of this
paper is to show that synoptic-scale sea ice fluctuations occur
in the region of the sea ice margin, and that their wave num-
bers and advection speeds suggest a rapid response to
synoptic-scale forcing by the atmosphere.

High-frequency synoptic-scale sea ice fluctuations are sig-
nificant not only because they provide direct evidence of the
link with atmospheric variations occurring on the same space
and time scales, but also because they represent the primary
background of “climatic noise” from which any true climatic
signal” must be extracted. In the absence of any true climatic
change, the monthly mean sea ice would still exhibit vari-
ations due to the integrated effect of the high-frequency
changes studied here, much like the drift of a particle experi-
encing Brownian motion in the absence of any external force.
(For applications of this idea to sea ice, see for example Lemke
et al. [1980] and Colony and Thorndike [1985]).

Trends of sea ice extent in the northern hemisphere have
been examined by many, notably Walsh and Johnson [1979]
and Zakharov and Strokina [1978]. In the southern hemi-
sphere, sea ice observations have been fragmentary until the
advent of satellites which provide a global coverage of the ice
field. Kukla et al. [1977] have compiled total snow and ice
data for the globe. They found that in the southern hemi-
sphere the ice extent in November, which parallels the annual
mean ice extent, showed an increase for the period 1966-1972.
From 1973-1980, when satellite data. were incorporated into
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the ice analysis, the total Antarctic sea ice area showed a
decrease [Kukla and Gavin, 1983]. This decrease, amounting
to 2.5 million km? over the 8-year period, compared to an
annual amplitude of 15 million km?, has caused concern over
the possibility of a climatic change. Zwally et al. [1983b]
pointed out that the apparent change may be due to the exis-
tence of polynyas in some of the years. Chiu [1983] and
Zwally et al. [1983b] extended the time series of the Antarctic
sea ice to the middle of 1982 and found that the Antarctic sea
ice area rebounded after 1980 to above average values in 1981.
Because the downward trend of the mid and late 1970s has
not been maintained, a climatic change has yet to be demon-
strated.

In order to determine the significance of monthly mean sea
ice changes such as those discussed above, it is necessary to
estimate the natural variability (or “climatic noise™) of the
mean, This is the variability which would occur in the absence
of any climate change, due only to the finite number of inde-
pendent samples in the averaging period. The variance of the
mean is approximately the variance associated with each
sample divided by the number of independent samples. A
more careful estimate involves the space-time autocorrelation
function, given by

T(pl, p2; 1) = 6C(p1, 1) 6C(p2, t + 1)/(010>)

where 6C(p, t) represents the anomaly in the sea ice con-
centration at a point p and at a time ¢, from which the mean
seasonal cycle as well as any long term trends have been
removed. ¢, and ¢, are the standard deviations of C at pl
and p2, respectively, and the overbar indicates a seasonal
average. Lemke et al. [1981] estimated this quantity using
weekly data averaged over 10 degree longitudinal sectors. To
better interpret their results, higher spatial resolution is clearly
desirable, but gaps in the data make it difficult to obtain
stable statitics at higher resolution. In this paper we present
some case studies which provide a qualitative understanding
of the natural variability of sea ice and its correlation with
atmospheric forcing.

In the next section we describe the available data. Section 3
describes a difference filter that isolates the high frequency
variations, and focuses on one case study of possible sea ice-
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Fig. 1. Time series of 3-day averaged 250-km gridded ESMR

brightness temperatures at (a) 60 S, 0 E and (b) 65 S, 180 E.

atmosphere interaction. Section 4 discusses the various time
scales associated with sea ice. Section 5 summarizes our major
results, discusses the climatological significance of such sea ice
fluctuations, and suggests possible future work in sea ice mod-
cling.

2. THE DaTA

The sea ice data are derived from microwave temperature
observations taken on board NIMBUS 5 by the Electrically
Scanning Microwave Radiometer (ESMR). A detailed descrip-
tion of both the satellite and the instrument can be found in
Sabatini [1972]. Zwally et al. [1981] describe an algorithm
which converts the microwave temperature into ice con-
centration. Since climatological monthly mean air temper-
ature is used in the algorithm, it may not be appropriate for
shorter time scales. Thus our results described in sections 3
and 4 are given in terms of observed brightness temperatures
(and their gradients) rather than the derived ice con-
centrations. In section 4 we show that these brightness vari-
ations are dominated by sea ice changes down to periods of 3
to 6 days, at which point other atmospheric and oceanic vari-
ables begin to become important.

The data are put on a square polar stereographic map of
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293 by 293 grid points, enclosing the 50 S latitude circle and
retaining the approximate 30 km resolution of the data. Daily
and 3-day averaged values have been computed. The data
have also been compressed onto a 41 by 41 grid, having a
resolution of about 250 km between grid points.

Monthly averages are also presented in false color mapped
format by Zwally et al. [1983a]. During the period 1973-1976,
for which the data are available, there are 7 missing months
due to insufficient usable data. For 3-day averages the situ-
ation for missing data is worse.

Zwally et al. [19834] have commented on the accuracy of
the data. The algorithm for converting brightness temperature
to ice concentration is believed to be valid to about 15% of ice
concentration in the Antarctic. Because of the strong contrast
of emissivity between fresh ice and water at freezing, the edge
of the ice is quite distinct. Rayner and Howarth [1979] spa-
tially differentiated the brightness temperature and found that
the 155 K isotherm lies at the edge of a steep gradient in the
field of brightness temperature and corresponds approxi-
mately to an ice concentration of 15%. They identified this as
the edge of the ice. The same criteria is also used in the work
of Cavalieri and Parkinson [19817] and Parkinson and Cavalieri
[1982].
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Fig. 2. Histograms of the brightness temperatures from the time
series in Figure 1.
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Fig. 3. Time series of the latitudinal position of the ice edge, de-
fined by the 155 K brightness temperature contour (corresponding to
about 15% ice concentration) for (a) O E and (b) 180 E.

The atmospheric data used here are the twice daily (11Z
and 23Z, but only 23Z before 1974) sea level pressure (SLP)
analyses produced by the World Meteorological Center in
Melbourne, Australia. This data set is available through the
National Center of Atmospheric Research (NCAR). The basic
analyses rely on initial specification of mean sea level pressure
and 1000 mbar to 500 mbar thickness and incorporate all
available conventional and satellite cloud information which
give deviations from climatology [Gauntlett et al., 1972]. The
quality of the analyses was discussed by Trenberth [1979]
who made case comparisons between the Australian analyses,
the South African hemispheric Analyses, U.S. National
Meteorological Center analyses and the regional analyses in
New Zealand with observations. He found that “the Aus-
tralian Analyses are by far the best hemispheric data set avail-
able for this period although they contain a few imperfec-
tions.” From the twice daily data, we computed 3-day
averages for our study.

The infrared radiation (IR) data are derived from scanning
radiometer measurements aboard the NOAA operational sat-
ellites, having atmospheric windows in the 10.5 to 12.5 micron
region [see Gruber and Winston, 1978]. The data are available
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twice daily on a 2.5° latitude by 2.5° longitude grid. Again
3-day averages have been computed and used in our study.

3. A Case STuDY

To see how sea ice affects the ESMR microwave brightness
temperature, let us examine two typical time series of 3-day
averaged ESMR brightness from grid points at 60 S, 0 E and
68 S, 180 E, shown in Figure 1. These grid points are located
in the marginal zones between permanent sea ice and the
ocean in the Weddell and Ross seas respectively. Missing data
is not plotted. The ocean, at 140 K, is uniformly “cold” in the
microwave compared to sea ice, which gives a “hot” signal, as
high as 240 K. It can be seen in Figure 1 that the transition
from open water, with ESMR brightness temperatures of
about 130-140 K, is quite abrupt. The distribution of ESMR
temperatures is therefore bimodal, as shown in Figure 2.
Figure 3 shows the time series of the ice extent at O E and 180
E, which is derived from the brightness temperature using the
technique of Rayner and Howarth [1979]. One can see the
existence of rapid variations of the sea ice extent superposed
on the slowly varying seasonal trends.

Figure 4 shows the ice extent as a function of longitude for
3-day averaged data, beginning on Julian day 166 in 1974. For
convenience, 3-day averages are denoted by the first day of the
3-day average; e.g., day 166 is the average of day 166-168.
Five consecutive 3-day averages are presented, and to clarify
the graph each 3-day average is displaced by 3 degrees lati-
tude. Here we see small-scale features embedded in rather
irregular large-scale features, and this seasonal pattern shows
no evident changes during this two week period. It does, how-
ever, change on the seasonal time scale. A Fourier analysis of
the seasonal pattern has been described by Cavalieri and Par-
kinson [1981] and Parkinson and Cavalieri [1982]. Comiso and
Zwally [1984] have determined the rate of growth and decay
of the seasonal pattern for various longitudinal sectors and
months.

3.1.  The Difference Filter

To focus on the high frequency variations, we shall study
only the changes in the microwave brightness temperature
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Fig. 4. Three-day averaged ice extent as a function of longitude.
Here the curve labelled 166, for example, denotes the average ice
extent for days 166-168, 1974. The label on the y axis refers to lati-
tude of sea ice extent for day 166-168. Subsequent 3-day averages are
offset by 5 degrees latitude for clarity.
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ice extents. The label on the y axis refers to ice changes from day 166
to 169 which is labelled 169-166. Subsequent changes are offset by 3
degrees of latitude.

from one time interval to the next, in other words the time
derivative. Since the Fourier transform of a time derivative is
the Fourier transform weighted by the frequency, the seasonal
cycle and other low frequencies are suppressed, and we have a
simple high-pass filter. For a more comprehensive discussion
on the difference filter, the reader is referred to Jenkins and
Warts [1975].

The time differencing effectively removes any geographically
fixed variations in sea ice extent. It also isolates regions of
rapid ice changes with time scales much shorter than the sea-
sonal. This can be understood as follows: Let the extent of sea
ice f(x, t) be represented as

flx, ) =m(x, T, t) + f'(x, t)

where x, ¢ are longitude and time and m(x, T, t) is a running
average over a period of T = one season. Thus m is given by

t+T/2

m{x, T, t) = I/Tj fix, 1) dt

t—T/2

and f”(x, t), the residue, represents the rapidly varying compo-
nent of sea ice variations. Note that m(x, T, t) includes the
geographically fixed seasonal pattern previously studied in the
literature and evident in Figure 4. Since m is nearly constant
during a given week, it can be expanded in a Taylor series
about t = t,, of the form

m(x, T, 1) = m(x, T, to) + dm/dt (t — t,)

where the first term represents the seasonal mean and the
second the seasonal trend within the season. A similar ex-
pansion can be obtained for f'(x, ). It can now be seen that
the differencing results in

S, 1) = f(x, t) = (dmfdt + df'/di)(¢, — ty)

Note that m(x, T, t,) is effectively removed by the differencing
and what remains is the seasonal trend and intraseasonal fluc-
tuations.

We shall focus on the winter seasons, where the seasonal
trend is smaller than the shorter period fluctuations (see for
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example Figure 1 and Figure 2). Winter is also the season
when the so-called “melt pond” effect on the microwave tem-
perature is minimal [see Zwally et al., 1983a]. In the following
subsection, time differencing is used to reveal the existence of
high frequency large-scale sea ice advection which would
otherwise be obscure if a high pass filter was not used.

3.2

In order to suppress the seasonal and geographical pattern
seen in Figure 4, we take the difference between each suc-
cessive 3-day average as discussed in the previous subsection.
Figure 5 shows the resulting ice extent changes for this period.
Days 169-166 denotes ice extent change from the 3-day
average of 166 to 169. An increase in ice latitude represents a
retreat in the ice line. Large scale anomalies which are moving
eastward are now evident, and the peaks on each successive
day are connected by dashed lines. From the slope of the
dashed lines, an eastward speed of about 2.5 m/s at 60 S is
estimated.

A space-time spectral analysis has been performed on the
3-day average ice extent changes for the winters of 1973 and
1974. Winter here is defined as day 153 to 240. A description
of the space-time spectral methodology is contained in the
appendix. Because the difference between 3-day averages is
used, a missing time point in the ice extent data represents 2
missing points in the ice change. The missing data points were
not included in the analysis.

Previous studies have shown that large scale features domi-
nate the longitudinal variations of sea ice extent, with zonal
harmonics 1-6 explaining about 90% of the zonal variance
[Cauvalieri and Parkinson, 19817. Much of this variance is due

High-Frequency Variations

TABLE 1. Space-Time Spectrum of Ice Changes
Wave Number
Frequency 1 2 3 4 5 6
1973 1 0.10 0.64 1.58 0.92 0.14 0.08
(—64) (30 (78) 29 (18) (82)
2 0.07 1.17 0.33 0.06 0.13 0.01
4 @) (=20 9 (64 (23
3 0.05 0.20 0.43 0.19 0.09 0.01
(15) (—67)y (75) 96) (66) (—32)
4 0.02 0.00 0.65 1.10 0.83 0.07
@n (=7 67 07 003 (99
5 0.04 0.04 0.16 0.58 0.00 0.13
92) (—71) (83) 95) (—12) (76)
6 0.03 0.02 0.04 0.11 0.12 0.00
(—99) (86) (—26) (—25) (82) (82)
1974 1 0.33 3.76 9.29 0.00 0.00 0.24
(—39) (—38) (93) (82) (25) (—52)
2 0.01 0.07 411 0.37 0.01 0.24
(64) (—60) (87) (—81) (14 (—42)
3 0.03 0.04 0.09 3.38 0.17 0.00
(=73) (=74 (=6 @B (=37) (—67)
4 0.04 0.46 0.09 0.02 0.01 0.09
=9 (9 63 @6 A7) (89
5 0.03 0.07 0.01 0.98 0.02 0.01
95) (18) (—53) (59) (26) (—66)
6 0.26 0.02 0.01 0.06 0.02 0.14
(63) (13) (56) (50) (—17) 27

Units are in 0.01 (degree/3 day)® for the variance spectrum (upper
number) and hundredths (in parenthesis) for the net propagating
tendency. The total power in the space-time spectra for 1973 and 1974
is 26.7 and 29.1, respectively, in the same units. The net propagating
tendency is defined as positive for a eastward propagating wave. Unit
of frequency is cycles/48 days.
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Fig. 6. ESMR temperature changes from the 3-day average indicated on the upper right hand corner of each graph.
The 160 K isotherm is included to indicate the approximate position of the ice edge (upper panels). The middle panels
show the 3-day average sea-level pressure and surface wind. Solid contours encircle regions of high pressure (> 1008 mbar)
and dashed contours encircle regions of low pressure (<992 mbar). The lower panels show the field of outgoing infrared
radiation, derived from radiometric measurements aboard NOAA satellites, with high temperature (> 260 K) stippled and

low temperature (<220 K) shaded.

to the seasonal pattern m(x, T, t) discussed above. In the
spectra of ice extent changes, we find that large scale features
still dominate, but are less pronounced, with about 50% of the
zonal variance contained in the first 6 zonal harmonics.

Table 1 shows the space-time spectrum for planetary wave
numbers 1-6. The upper number is the variance in units of
0.01 (degree/3 days)?, and should be compared with the total
variance, 26.7 and 29.1 in 1973 and 1974, respectively. For
1973, the locus of maximum variance is approximately a
straight line with lower frequencies corresponding to larger
scales on the frequency-wave number plot. The ratio of fre-
quency to wave number, which is the group velocity (here
roughly 3 my/s), is independent of wave number, consistent
with an advective process. The numbers in parentheses are the
net propagating tendencies (see appendix). They show an east-
ward propagation for wave numbers 3 and 4 (with some low
power exceptions). Because of the short duration of the time
series and the number of missing data points, this result must
be considered tentative and serves merely as a different repre-
sentation of Figure 5.

The position of the sea ice edge is determined by sea ice
advection and melting or freezing. The displacement of the ice
edge in turn affects the energy balance of the ice edge and

hence there are strong feedbacks between sea ice and atmo-
spheric and oceanic variations. Lemke et al. [1981] used a
dynamical model which includes lateral diffusion and advec-
tion to model Arctic and Antarctic sea ice variations. The data
used in their study were weekly mean ice extents for every 10
degrees of longitude for the Antarctic and monthly means
with the same spatial resolution for the Arctic. They found
that both diffusion and advection are important in explaining
sea ice variations in the Antarctic. The advective speeds found

in their analysis compare favorably with those of the long
term observed ocean currents.

What is the nature of these eastward propagating anomalies
found in our case study? The space and time scales are clearly
different from those of Lemke et al., though that could be due
to the coarser resolution and/or statistical averaging employed
in that study. The large scale and the high speed of the propa-
gation observed here suggest an atmospheric connection.
Ackley [1980] has reviewed various possible interaction mech-
anisms between sea ice and atmospheric variables. Most of the
studies examine the association on time scales from weekly to
monthly. One appealing example is the wind driven mecha-
nism proposed by Gordon and Taylor [1975] for the seasonal
change of the ice cover. Their hypothesis entailed a divergent
ice fleld driven by Ekman drift induced by a divergent wind
field. Qualitative agreement between the observed and predic-
ted ice expansion during the period of ice advance of the
seasonal cycle was found. On a shorter time scale, Hibler and
Ackley [1983] did a simulation of the sea ice pack in the
Weddell sea with an ice model that included ice dynamics
driven by the observed atmospheric conditions. Thorndike and
Colony [1982] also showed that 50% of the ice motion in the
Arctic can be interpreted in terms of the surface geostrophic
wind alone. In the following, we shall examine the relation of
the ice anomalies and the surface wind as indicated by the
sea-level pressure.

The ESMR temperature changes for 3-day averages are
shown in Figure 6 for the period of our case (upper panel).
The 160 K isotherm is included to indicate the approximate
position of the ice edge. A positive change in ESMR temper-
ature represents either an increase in ice concentration or an
advance of the ice. Comparing the ESMR brightness temper-
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Fig. 7. (a) ESMR temperature change between daily averages of
days 167 and 166. (b) ESMR temperature changes between 6-day
average temperatures for periods beginning on days 169 and 163.

ature and the ice extent change, it can be seen that increases in
ice extent correspond to increases in ESMR temperature.
(Recall that the brightness temperature of ice is considerably
higher than that of open watei at the wavelength of the
ESMR instrument.) The corresponding 3-day averaged sea-
level pressure is shown in the middle panel of Figure 6. During
this period, the synoptic situation in the Antarctic is
characterized by the usual climatological high pressure over
the pole, and eastward-moving pressure systems, typically of
waves 24, along the open water/sea ice boundary. There
seems to be a correspondence between the low pressure areas
and the regions of ice advance. The eastward speed of the
pressure systems is estimated to be roughly 3 m/s, agreeing
roughly with the speed of the ice anomalies.

The correspondence between areas of sea ice growth and
low pressure centers was also noted by Cavalieri and Parkin-
son [1981] in examining sea ice and circulation changes. They
showed a case in which the pressure field is almost stationary,
with the trough of zonal wave number 2 in sea level pressure
located in the Ross and eastern Weddell sea. There is rapid
sea ice growth in the western and central Weddell sea. The
suggestion is that the sea ice growth is due to sustained advec-
tion of cold air from the more southern latitudes and an equa-
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torward transport of sea ice. The rapid response of the sea ice
in our case suggests a dynamic response as opposed to that
observed for stationary monthly mean conditions which is
probably mote thermodynamic in nature.

On the lower panel of Figure 6 is shown the corresponding
3-day averaged infrared radiation (IR) derived from radio-
metric measurement aboard the NOAA satellites for the same
period. Since the effective radiative temperature of clear air is
nearly equal to the surface temperature, while in the presence
of high clouds it drops to a value near the tropopause, the
outgoing IR is a better indicator of high cloud than surface
pressure. (See, for example, Cahalan et al. [1982], and refer-
ences therein.) Regions of low IR are generally associated with
high cloudiness, except over the high elevations of the conti-
nent, where the surface temperature may approach that of the
tropopause. Conversely, high IR generally implies low cloudi-
ness. Note that there is no indication of high cloud associated
with the low pressure centered at the upper right in the Indian
Ocean sector.

While Figure 6 shows no clear correlation betweer the IR
and the ESMR temperature at each point, the positive ESMR
anomalies do tend to be associated with high IR. This is con-
sistent with the idea that in regions of increased sea ice con-
centration, one has reduced evaporation and correspondingly
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less cloudiness, and thus increased IR cooling to space, which
tends to reinforce the formation of sea ice. Such positive feed-
back between sea ice and cloudiness has been suggested by
various investigators [e.g., Crane and Barry, 1984; Carsey,
1980]. While it certainly cannot be verified with any statistical
confidence from the few cases studied so far, these cases do
point to an important possible relationship which should be
tested in models having interactive cloudiness, once some con-
fidence is gained in the model cloudiness itself.
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TABLE 2. Standard Deviations of ESMR Temperature Changes
for Different Averaging Periods

Regime
Averaging Water (< 145 K), Ice (>145 K),
Period K/day K/day Ratio
1 day 6.6 4.5 0.68
3 day 1.8 1.8 1.0
6 day 0.72 1.6 22

4. TIME SCALES

In the case study of section 3, 3-day averaged ice extent is
used because it is readily available. The microwave temper-
ature, from which the ice extent is derived, is a function not
just of the ice but also of a number of atmospheric and ocean-
ic variables (e.g., water content, surface wind, sea temperature
and atmospheric temperature) and therefore contains other
time scales associated with these variables. To assess the sig-
nificance of an ice signal in our case study, an examination of
the time scales is in order.

Figure 7 depicts the effect of time averaging on the field of
ESMR temperature changes. In Figure 7a is shown the tem-
perature change from 1 day (day 165) to the next day. It can
be seen that most of the large changes (> 10 K) are located in
regions outside the 160 K contour (i.e., over the open ocean).
These changes are therefore indicative of meteorological
changes over the ocean. Figure 7b shows a similar field of
ESMR temperature and ESMR temperature changes for
6-day averaged data. It can now be seen that most of the large
changes are concentrated along the 160 K contour, indicating
an ice signal in the ESMR temperature. Differences as large as
20-30 K are present, but only the 10 K isotherm is indicated
for clarity. For 3-day averages (Figure 6) a major fraction of
the large changes are found along the 160 K isotherm, but
patches are also found over the open ocean. Hence the 3-day
averaging period is probably the minimum time scale for sam-
pling ice changes.

The standard deviations of the temperature changes for 6
day averages depicted in Figure 7b have been calculated and
the histograms of both the temperature and the associated
temperature changes are shown in Figiire 8. While the histo-
gram of temperature (Figure 8a) shows a sharp peak at 135 K
and a relatively broad peak at 235 K, representing the water
and ice regimes, respectively, the histogram of temperature
changes (Figure 8b) shows a bell-shaped distribution, with
standard deviation of 7.5 K per 6 days, or 1.25 K per day.

To delineate temperature changes due to changes in the ice
and water, respectively, Figure 9 shows plots of the temper-
ature changes versus the mean temperature for 1-day, 3-day,
and 6-day averages. For 1-day averages (Figure 9a) a large
scatter is found near 135 K, whereas for 6-day average
changes (Figure 9¢) a large scatter is found at temperatures
greater than 145 K.

To quantify the effect of time averaging, the data have been
divided into the ice and water regimes and the standard devi-
ations computed for different averaging periods. The results
are summarized in Table 2. The ice regime is defined as the
region in which the mean temperature exceeds 145 K, and the
water regime is defined as the region in which the mean tem-
perature is less than 145 K. From the relation between ice
concentration and microwave temperature, the 145 K iso-
therm corresponds roughly to an ice concentration of 10%
[Zwally et al., 1983a]. From Table 2 one can see the drastic
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Fig. 10. Schematic of model of temperature at the interface between
sea ice and open ocean.

increase in the ratio of the ice regime standard deviation to
the water regime standard deviation as the averaging period
increases. Thus, as the period increases from 3 days, the
ESMR temperature changes are increasingly dominated by
the ice regime.

The ice regime can further be divided into a permanent ice
zone and a marginal ice zone. The permanent ice zone is
characterized by points that show little change, i.e. points lo-
cated near the x-axis in Figure 9. These points constitute a
major portion of the sea ice area, but show no large varia-
bility.

The above exercise suggests 3-day averaging is probably the
minimum averaging period required for filtering out sufficient
meteorological variability, while still retaining the ice signal in
the ESMR temperature field.

5. SUMMARY AND DISCUSSION

Based on the cases studied here, the following observations
have been made of the high-frequency variability of sea ice:
wave numbers 1-4 predominate; advective speeds of about 3
m/s; consistent with forcing by surface wind stress; increased
ice associated with increased radiative cooling.

From the three winter seasons of data available from
ESMR we can obtain some idea of the representativeness of
the case study described in section 3. Out of all cases in which
at least 5 successive 3-day averages are available during this

period, we have found 3 cases similar to Figure S, in which

advecting large-scale sea ice anomalies are evident, and 6 cases
in which they are not observed. There is thus about a one-
third probability of observing this phenomenon during any
given 2-week period in the winter.

In order to relate the observed changes in ESMR brightness
temperature to changes in sea ice, we consider a simple model.
We imagine a linear profile of temperature at the interface
between sea ice and water, decreasing from the sea ice temper-
ature T(I) to the ocean temperature T(0) over a distance of w
degrees of latitude, as shown in Figure 10. If the ice edge is
then displaced by a distance 4, the largest temperature change
occurs at the previous location, and is given by

0T = (T(I) — T(0)d/(d + w)

For T(I) =235 K, T(W) = 135 K, w = 2 degrees latitude, and
d = 0.5 degrees latitude, this temperature change is about 20
K, consistent with typical values seen in Figure 6. Note that
we could shift the ice boundary on the right also, but as long
as d « w the results are not sensitive to such changes. Larger
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ice edge displacements presumably require a more realistic
nonlinear dynamical model.

Whether the observed temperature anomalies are associated
with any displacement of the marginal ice zone, or are due
instead to changes in ice concentration within the zone is
certainly open to question. While the data appears incapable
of resolving this question at present, it would be interesting to
see how various sea ice models of Antarctica would respond
to planetary-scale pressure waves. The results of such an ex-
periment could be compared with results of the case study
presented here, and may also suggest new features of the natu-
ral variability of sea ice.

APPENDIX: SPACE-TIME SPECTRAL ANALYSIS

Hayashi [1971] introduced a method of decomposing a
wave field into retrogressive (westward) and progressive (east-
ward) travelling waves. Let the field of space and time be
represented as spatial Fourier components

Wx, 1) =Y (Cft) cos (kx) + Si(t) sin (kx))

k

(A1)

where k is the zonal wave number. Also assume that the sea-
sonal trend and zonal means have been removed, so that

fydt:():fydx

The coefficients C, and S, are determined by multiplying Eq.
(A1) by cos (kx) and sin (kx), respectively, and integrating over
x. If we assume that y consists of travelling waves in the form

yx, 1) =3 ¥ (Ry; cos (kx + jt + @)
koJ

(A2)

+ Ry_jcos (kx —jr + @,_)  (A3)

where j is angular frequency, the first term represents west-
ward motion, and the second term represents eastward
motion. Expanding (A2) in the form of (Al) and equating
coefficients, we get expressions for Ry, R,_;, @;; and ®,_;
Expanding the coefficients as

Clt) = Z (Ay; cos (jt) + By sin (jit))

. o (Ad)
Si(t) =Y. (ay; cos (j1) + by; sin (j1))
J
then the cross spectral quantities are evaluated as
P(C)=(A>+ B2  P{S)=(a*+ b*)2
(A3)

0,(Ci Sy =(Ba — Ab)2  K,(Cy, S,) = (Aa + Bb)/2

where P is the power spectrum, @ is the quadrature spectrum,
and K is the cospectrum. The progressive and retrogressive
spectral power is given by

PE(k, J) = (Pj(Ck) + Pj(Sk) + 2Qj(cks Sk))/4
PW(k, j) = (P{C)) + Psi) — 204Cy, S)/4

respectively.
The net propagating tendency, defined as [Straus and

Shukla, 1981]:
NPT =(PE — PW)/(PE + PW) (A7)

is therefore positive if PE > PW, i.e,, a net eastward propaga-
tion.
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